This paper reports computational simulations and analysis in support of calibration and flow characterization tests in a high enthalpy arc-jet facility at NASA Ames Research Center. These tests were conducted in the NASA Ames 10-MW TP3 facility using flat-faced stagnation calorimeters at six conditions corresponding to the steps of a simulated flight heating profile. Data were obtained using a conical nozzle test configuration in which the models were placed in a free jet downstream of the nozzle. Experimental surveys of arc-jet test flow with pitot pressure and heat flux probes were also performed at these arc-heater conditions, providing assessment of the flow uniformity and valuable data for the flow characterization. Two different sets of pitot pressure and heat probes were used: 9.1-mm sphere-cone probes (nose radius of 4.57 mm or 0.18 in) with null-point heat flux gages, and 15.9-mm (0.625 in) diameter hemisphere probes with Gardon gages. The probe survey data clearly show that the test flow in the TP3 facility is not uniform at most conditions (not even axisymmetric at some conditions), and the extent of non-uniformity is highly dependent on various arc-jet parameters such as arc current, mass flow rate, and the amount of cold-gas injection at the arc-heater plenum. The present analysis comprises computational fluid dynamics simulations of the nonequilibrium flowfield in the facility nozzle and test box, including the models tested. Comparisons of computations with the experimental measurements show reasonably good agreement except at the extreme low pressure conditions of the facility envelope. 
Nomenclature

I. Introduction
Arc-jet facilities provide the primary means to study the performance of various types of thermal protection systems (TPS) used on the outer surfaces of spacecraft in an aerothermodynamic heating environment. In a high enthalpy arc-jet facility, a test gas, usually air or a mixture of nitrogen, oxygen and argon, is passed through an electric arc discharge where the energy is added to the flow. The test gas is then expanded through a convergingdiverging nozzle into an evacuated test chamber to produce high-enthalpy supersonic or hypersonic flow. NASA Ames Research Center (ARC) has four arc-jet facilities within its Arc-Jet Complex. 1 One of these arc-jet facilities, the Aerodynamic Heating Facility (AHF), was recently upgraded to run with the 10-MW constricted arc heater, named the TP3, which was formerly known as the TP2 when operated at Johnson Space Center. 2 The TP3 currently operates with a test gas mixture of pure nitrogen and variable oxygen without argon gas, and in the future it is expected to run with mixtures of nitrogen and carbon dioxide. 3 One important testing capability of the 10-MW TP3 facility is its ability to simulate various heating profiles in time representative of hypersonic flight. For the present tests, a heating profile was broken into seven independent steps where each step was calibrated using flat-faced calorimeters for its centerline conditions prior to a flight profile run, and subsequently the heating profile simulation was carried out in a single arc-jet run. Since the facility configuration is fixed, achieving the wide range of conditions needed in the heating profile simulation requires that the facility operate at the extremes of its operating envelope. Computational fluid dynamics (CFD) simulations for these tests are performed to provide accurate estimates of the test environment parameters. The centerline total enthalpy of the test flow is estimated using CFD simulations that reproduce measured facility and calorimeter data. For each step of the heating profile, surveys of arc-jet test flow with pitot and heat flux probes were performed for flow characterization. Two different sets of pitot and heat flux probes were used: 9.1-mm diameter sphere-cone probes with null-point heat flux gages and 15.9-mm diameter hemisphere probes with Gardon gages. The paper describes the computational approach to determine centerline total enthalpy, then presents comparisons of computations with the probe survey data.
II. Arc-Jet Facility and Tests
The AHF at ARC, with its 10-MW TP3 constricted arc heater configuration, is designed to operate with a set of conical nozzles. All of the nozzles have the same inlet diameter of 10.16 cm (4 in), and the same throat diameter of 5.715 cm (2.25 in). Nozzle exit diameters range from 12.7 cm to 101.6 cm (5, 7.5, 10, 20, and 40 in). The diverging section of each nozzle has a half-angle of 15°.
The present test data were obtained in three arc-jet test series conducted over a period of two years in the TP3 7.5-inch diameter conical nozzle. In the first test series, AHF 307 tests conducted in 2014, a flight heating profile was simulated in the arc-jet stream using 10.16-cm diameter flat-faced models. The heating profile was achieved through 7 steps (6 arc-heater conditions, with step 1 condition repeated as step 6 condition). Before performing flight profile runs, each step was calibrated separately for its centerline conditions with 10.16-cm diameter flat-faced slug calorimeters (the same shape as the test article) located 15.24 cm away from the nozzle exit. The shoulder region of the flat-faced models is rounded to the cylindrical sides (r c /D = 3/32). In addition, the pitot and null-point heat flux surveys of the nozzle jet in the test section were done at the same nominal arc-heater conditions and at the same distance from the nozzle exit. These surveys were performed with the 15° sphere-cone stagnation probes (r n = 4.57 mm or 0.18 in). The sweeps to survey across the nozzle were done by moving the probes horizontally across the free jet in two directions: first from west to east, then retracting back east to west. This provides two experimental data sets for each survey sweep. The second and third test series, AHF 318 tests in 2015 and AHF 320 tests in 2016, were conducted to get additional flow characterization data using the 15.9-mm diameter hemisphere pitot and Gardon-gage probes at the same nominal conditions as the AHF 307 tests. The 15.9-mm probes were also moved horizontally to survey the flowfield, first from east to west and then west to east across the free jet (in opposite directions of the 9.1-mm probe sweeps). Figure 1 shows photographs of the two heat flux probes used to survey the flowfield. Each of these heat flux probes is used along with pitot pressure probes of the identical shape, although not shown in Fig. 1 .
Further information on the survey probes and heat flux measurement techniques can be found in Refs. 4-7, and additional information on the TP3 facility, AHF and other ARC arc-jet facilities can be found in Refs. 1-3. The 10.16-cm diameter slug calorimeter data obtained in three test series are summarized in Table 1 . In the TP3 arc-jet operation, similar to other arc-jet facilities, the controlled input parameters are arc current and mass flow rate, which were held constant for each condition in the three test series. Nonetheless, there were some differences in the facility performance characteristics (voltage, arc-heater mid-column pressure, estimated bulk enthalpy or arc-heater efficiency) from one test series to another, and therefore the measured slug calorimeter data varied. The facility parameters and calorimeter values listed in Table 1 are arithmetic averages of multiple (at least two) arc-jet runs. The numbers in parentheses for q s and p s represent the range of the data obtained. For instance, for condition 1 in AHF 307 tests, the data obtained in 17 runs were used in the averages. For conditions 1, 2, 3, and 5, no cold-gas injection at the arc-heater plenum.
For conditions 4 and 6, cold-gas injection at the plenum are 20% and 28% of the total mass flow rate, respectively.
III. Computational Approach
Computational analyses of the TP3 arc-jet tests are performed through simulation of nonequilibrium expanding flow in the arc-jet nozzle and supersonic jet, and simulation of the flow in the test box and around the test articles. For all CFD calculations, the Data Parallel Line Relaxation (DPLR) code, 8, 9 a NASA Ames in-house flow solver, is used. DPLR has been employed extensively at Ames for hypersonic flight, planetary entry and arc-jet simulations. DPLR provides various options for thermophysical models and formulation. For CFD calculations presented in this paper, two-dimensional axisymmetric Navier-Stokes equations, supplemented with the equations accounting for nonequilibrium kinetic processes, are used in the formulation. The thermochemical model employed for the arc-jet flow includes five species (N 2 O 2 , NO, N, O), or six species (N 2 O 2 , NO, N, O, Ar) if Argon is present, and the thermal state of the gas is described by two temperatures (translational-rotational and vibrational-electronic) within the framework of Park's two-temperature model. 10 The flowfield in an arc-jet facility, from the arc heater to the test section is very complex and three-dimensional, with various nonequilibrium processes occurring. In order to simulate the flowfield, several simplifying assumptions are made, and corresponding numerical boundary conditions are prescribed for CFD simulations. The present computational approach follows our earlier work, [11] [12] and it is also briefly described here.
 m
Simulations of the TP3 arc-jet facility flow are started from the nozzle inlet. The total enthalpy and its radial profile at the inlet are prescribed based on the facility and calibration data, and the flow properties at the inlet are assumed to be in thermochemical equilibrium. Measured facility data, namely, the total pressure, mass flow rate, and test box pressure, are used as boundary conditions. The calibration data obtained include stagnation calorimeter heat flux and pressure in the freestream. All metallic surfaces, water-cooled nozzle walls, and calorimeter model surfaces (copper slug or Gardon gages), are assumed to be fully catalytic to recombination reactions of atomic oxygen and nitrogen at a constant temperature of 500 K. The test box is included in CFD simulations, primarily to account for the free jet expansion formed by the under-expanded flow exiting the nozzle to the test box and its potential effects on model flowfields. The jet expansion within the test box is primarily determined by the test box static pressure, which is one of the facility measurements and is prescribed as a boundary condition. Further details of the computational approach can be found in Ref. 12 .
IV. Computational Simulations
Stagnation calorimeters are used to calibrate the test conditions, and to infer the centerline total enthalpy of the arc-jet flow. First, one flat-faced stagnation model simulation is presented in detail, and CFD-estimated flowfield parameters are summarized. Then, comparisons of computations with the pitot pressure and heat flux surveys obtained in the TP3 7.5-inch nozzle are presented. ! m
A. Stagnation calorimeter model simulations
The primary objective of the stagnation model calculations is to estimate the centerline total enthalpy of the arcjet flow consistent with the facility and calorimeter measurements. As an illustration of a typical axisymmetric simulation, Fig. 2 shows a computed TP3 7.5-inch nozzle flowfield including the test box and a stagnation calorimeter model. Because of the nonequilibrium expansion process in arc-jet nozzles, the chemical composition freezes near the throat where the flow is dissociated and vibrationally excited. As shown in Fig. 2c , the computations predict that, as expected, the flow is chemically and vibrationally frozen before it reaches the nozzle exit. Note that oxygen remains fully dissociated within the entire flowfield except in the boundary layer near the walls, while nitrogen is partially dissociated. It should be pointed out that the translational temperature rise just downstream of the throat in Fig. 2c is due to a weak oblique shock formation resulting from this particular nozzle throat design, and it is present in all simulations.
At the nozzle inlet, uniform pressure and a non-uniform parabolic enthalpy profile are specified such that the centerline calibration data are reproduced with the computations. Figure 3 shows the inlet profiles of total enthalpy and mass flux and resulting equilibrium species mass fractions and other flow properties prescribed for this case. It is important to reproduce both experimental surface pressure and heat flux in order to estimate the centerline total enthalpy from CFD simulations. Note that the estimation of centerline total enthalpy from CFD simulations this way is analogous to the ASTM standard E637-05, 13 except that the calorimeter surface heat flux and pressure are predicted by CFD simulations, replacing the heat transfer theory used in the standard.
A summary of the facility parameters and CFD-estimated enthalpies for the six conditions based on the calibration data obtained in AHF 307 test series is given in Table 2 . Since the slug calorimeter data obtained for condition 3 and 4 in AHF 320 tests were more than 15% different from those of AHF 307 tests, additional CFD calculations were performed to estimate the centerline total enthalpy values for AHF 320 tests, which are also given in Table 2 . Although the flight profile simulation and its results are outside the scope of this paper, the hot-wall heat flux values, computed using radiative equilibrium boundary conditions, are provided to make comparisons of the simulated arc-jet heating profile with the corresponding flight heating profile.
! m cold-gas injection at the plenum, 20% and 28% of the total mass flow rate, respectively.
B. Comparisons with survey data
Direct comparisons of CFD simulations with the survey data present a number of challenges. While the data obtained from the pitot pressure surveys are used as quantitative data, the heat flux measurements from the nullpoint and Gardon-gage surveys are used as qualitative data since they were not consistent with the slug calorimeter data. Therefore, only normalized distributions of the heat flux measured by the survey probes can be used in comparisons with computations. Furthermore, direct comparions would require three-dimensional CFD simulations of flowfields around the survey probes at several locations in the test section. Comparisons of computations with the pitot and null-point heat flux survey data will be presented for the six conditions used in the heating profile simulation. Note that for each condition, the centerline total enthalpy value is set such that centerline stagnation calorimeter data, surface pressure and heat flux, are reproduced. The survey data were obtained in separate arc-jet runs but at the same nominal facility conditions listed in Table 1 . Also, note that the pitot survey data were taken during a different run from the null-point or Gardon-gage heat flux surveys, but at nominally the same arc heater settings. The probe survey data and comparisons with computations are presented in Figs. 5-21. 
! m ! m
The first condition (step 1 and step 6) represents a facility condition at an extremely low mass flow rate and moderate enthalpy. There is no plenum cold gas injection. Figure 5 shows comparisons of computations with the pitot pressure and null-point heat flux survey data using the 9.1-mm sphere-cone probes. Note that while the obtained sweep data are mostly repeatable in both sweep directions, both pitot and heat flux survey data are not symmetric with respect to the nozzle centerline. It is not clear what the source of this asymmetry in the flow is, and obviously any observed asymmetry in the flow cannot be reproduced by an axisymmetric formulation. Also note that there was an incomplete recovery in the pitot data to the test box pressure, most likely because the pitot survey probe was moving too fast to equilibrate at these low pressures. It was found that the dwell time for the probes to traverse the jet was an important variable, especially at these low pressures. For some runs in AHF 318 tests, the probe speeds were too fast to get any reliable data. Repeatability and probe dwell time sensitivity for Gardon gage surveys for all six conditions are given in the Appendix (Figs. A1-A6 ). Figure 6 shows the comparisons of computations with the pitot pressure and Gardon-gage heat flux survey data using the 15.9-mm hemisphere probes. First, it should be noted that the features in the pitot and heat flux surveys at s ~ ±0.12 correspond to the nozzle jet boundary, the location of which is primarily determined by the test box pressure. The striking difference in the width of the jet (Fig. 6a-b vs. Fig. 5a-b) is caused by the higher test box pressure during AHF 320 runs. Equilibration of the pitot pressure is an important factor, especially for the 15.9-mm probes that required longer times to reach a steady-state condition. The asymmetry observed in the heating profile is more pronounced than the results from the null-point probe for AHF 307. For both instances of the condition 1 comparison, the computed heating profile is less peaked near the centerline than the probe surveys indicate. Although it is possible to change the enthalpy profile at the nozzle inlet to improve the comparisons, an increase in the prescribed mass flow rate would be needed. Note that the mass flow rate is extremely low and at the minimum for this facility. The measured mass flow rate for this condition may not be as accurate as the other conditions at much higher mass flow rates. For the CFD simulations shown in Figs. 5 and 6, all boundary conditions are the same except for the different test box pressures that are prescribed, consistent with the facility data. Figure 7 shows the computed Mach number contours near the nozzle exit and supersonic jet at two prescribed test box pressures. Clearly, for the higher test box pressure, the expansion of the jet exiting the nozzle is contained, as the width of the jet is primarily controlled by the box pressure. The axial location for both survey probes is approximately x = 0.402 m.
ii. Condition 2
The second condition (step 2) represents a facility condition at an intermediate mass flow rate, with relatively high enthalpy and without plenum gas injection. Figures 8 and 9 show comparisons of computations with the pitot pressure and heat flux survey data for condition 2. In Fig. 8 , CFD simulations reproduce the the pitot pressure and null-point data quite well. On the other hand, although the pitot pressure data are reproduced reasonably well in ! m Fig. 9a , the Gardon-gage heat flux data show a more peaked distribution than the computations. Note that the extent of asymmetry in both pitot and heat flux data (more noticeable in Fig. 9b ) is much smaller than in the first condition, within the measurement fluctuations. Note also that there appears to be some variation in the pitot pressure near the nozzle centerline, possibly resulting from weak wave interactions in the supersonic jet. 
iii. Condition 3
The third condition (step 3) represents the maximum facility condition in terms of both mass flow rate and arc current, without plenum gas injection. Figures 10 and 11 show comparisons of computations with the pitot pressure and heat flux survey data for condition 3. As mentioned earlier, since the calorimeter data for this condition in AHF ! m ! m 320 tests varied significantly from the previous tests, separate CFD simulations are performed to estimate the centerline total enthalpy. The computations in Fig. 11 are different from those in Fig. 10 , although the normalized heating distributions look similar (the centerline-to-bulk enthalpy ratios are similar, 2.08 vs 2.15). For this case, the asymmetric distributions in both pitot and heat flux data are observed. The variation in the pitot pressure near the nozzle centerline is also more pronounced in comparison with condition 2, again possibly because of weak wave interactions in the supersonic jet. 
iv. Condition 4
The fourth condition (step 4) represents a facility condition at a relatively high mass flow rate and moderately high enthalpy with plenum gas injection of N 2 (20% of total mass flow rate). Figures 12-14 show comparisons of ! m ! m computations with the pitot pressure and heat flux survey data for condition 4. Again, the calibration data for condition 4 in AHF 320 tests were different from AHF 307 and AHF 318 tests, in heat flux values greater than 20%. Separate CFD calculations are performed to estimate the centerline total enthalpy based on AHF 320 calorimeter data, as shown in Fig. 14. For this case, all of the pitot pressure survey data also show a higher pressure region near the nozzle centerline. Although this feature could plausibly be explained by some geometric imperfections in the nozzle walls upstream of the nozzle exit, the fact that it does not appear in all surveys for other conditions requires further investigation. It is important to note that all of the survey data for this condition, pitot pressure and heat flux, appear to be approximately symmetric, and they are reasonably well reproduced by the CFD simulations. 
v. Condition 5
The fifth condition (step 5) represents a facility condition at a relatively low mass flow rate and moderate enthalpy. There is no plenum cold gas injection. Figures 15-17 show comparisons of computations with the pitot pressure and heat flux survey data for condition 5. There was not a complete recovery in the pitot data to the test box pressure, shown in Figs. 15 and 16. As discussed before, this is due to the probe speed being too fast to equilibrate at these lower pressures. All of the pitot and heat flux survey data are not symmetric with respect to the nozzle centerline, similar to those for the first case shown in Figs. 5-6. Also, note that the asymmetric feature (or departures from axisymmetric CFD computations in these comparions) skews to the east side (s < 0) for conditions 1 and 5 but it skews to the west side 
vi. Condition 6
The sixth condition (step 7) represents a facility condition at a relatively high mass flow rate and relatively low enthalpy. The mass flow rate for this case is the same as the fourth condition but the centerline total enthalpy is much lower. The lower enthalpy is achieved through a lower arc current and more cold gas injection of N 2 at the plenum (28% of total mass flow rate). Figures 18-20 show comparisons of computations with the pitot pressure and heat flux survey data for condition 6. Again, it should be noted that the features in the pitot and heat flux surveys in Fig. 18 (at s ~ ±0.15 for pressure, and s ~ ±0.19 for heat flux) correspond to the nozzle jet boundary, the location of which is primarily determined by the test box pressure. The pressure and heat flux surveys were obtained in two separate runs at the same nominal arc-heater conditions. However, the box pressures for each run were different. One remarkable point about this case is the relatively uniform heating distributions compared with other cases presented earlier. This is in contrast to our experience with other arc-jet facilities in which observed flow non-! m ! m uniformity generally increases with increasing cold-gas injection at the plenum, possibly due to an incomplete mixing process. For this facility, the cold-gas injection at the plenum does not appear to be the primary source of non-uniform enthalpy profile. However, all of the pitot pressure survey data appear to indicate some wave interactions near the nozzle centerline, possibly caused by the cold-gas injection and mixing process. Overall, the computations are in reasonably good agreement with the survey data. 
C. Estimated Uncertainties and Calibration Issues
A complete uncertainty analysis of the heat flux and pressure measurements is not available. The slug calorimeter measurements are standard facility measurements, and based on empirical evidence (historical Ames arc-jet data with similar measurements), the heat flux measurements are estimated to be accurate to within ±15% and the pressure measurements to within ±5%. The stagnation Gardon gage calorimeters are very useful for calibration of a heating profile simulation including multiple steps since they are water-cooled. However, inconsistencies in the Gardon gage and slug calorimeter measurements were observed. For this reason, each step of the heating profile is calibrated with a slug calorimeter prior to a profile run. The heat flux measurements from the null-point gage and Gardon-gage probes are used as qualitative measurements to provide normalized distributions of heat flux. Complicating these calibration issues further, in the AHF 318 and AHF 320 test series, two slug calorimeters with different model geometries (i.e., flat-faced and iso-q shaped calorimeters) also provided data inconsistent with each other. The iso-q calorimeter heat flux data were generally higher than the flat-faced calorimeter data but the differences were not as much as expected from these two geometries. The causes of all these inconsistencies are currently being investigated. The observed non-uniformity and asymmetry in the pitot pressure and heating profiles at certain conditions may be an important contributing factor. The effects of an asymmetric freestream flow on the calorimeter flowfield, heat flux measurements and their interpretation need to be investigated. Several additional challenges remain in arc-jet flow calibration using multiple heat flux measuring devices to provide heat flux datasets consistent with each other: calibration of the null-point and Gardon gages, and reexamination of methodologies to infer the heat flux for these measurement devices.
CFD computations of arc-jet flows, as for hypersonic flight simulations, include uncertainties in many of the model input parameters. It is not possible at this time to do a complete uncertainty analysis of computed results for all of the simulation input parameters. The most important input parameter of the arc-jet test flow is the total enthalpy and its distribution at the nozzle inlet. Considering the uncertainty in the enthalpy input, prescribed inlet conditions, and other modeling parameters, the uncertainty in the heat flux predictions is estimated to be as much as ±20%. The uncertainty in surface pressure predictions is estimated to be ±5-10%.
V. Summary and Concluding Remarks
Computational simulations and analysis in support of calibration and flow characterization tests in the NASA Ames 10-MW TP3 arc-jet facility flow are reported. The test data included heat flux and pressure measurements ! m with stagnation calorimeters, and surveys of arc-jet test flow with pitot pressure and heat flux probes. The 10.16-cm diameter flat-faced slug calorimeter measurements are used as primary calibration data for six test conditions. Two sets of pitot pressure and heat probes were used: the 9.1-mm sphere-cone probes with null-point heat flux gages and 15.9-mm diameter hemisphere probes with Gardon gages. The probe survey data obtained at six arc-heater conditions provide assessment of the flow uniformity and valuable data for the flow characterization. Computations of the nonequilibrium flowfield in the nozzle, test box, and over the test articles, are performed. These simulations take into account nonuniformities in the total enthalpy and mass flux profiles at the nozzle inlet as well as the effects of the test box pressure on the supersonic jet, and they predict model surface pressure and heat flux measurements consistent with the set of arc-jet facility data. Computational simulations, through comparisons with the test data, provide estimates of arc-jet test environment parameters, the centerline total enthalpy being the most important test parameter.
The probe survey data clearly show that the arc-jet test flow in the TP3 facility is not uniform at most conditions, and the extent of non-uniformity is highly dependent on various arc-jet parameters such as arc current, mass flow rate (or arc heater pressure), and the amount of cold-gas injection at the arc-heater plenum. The six conditions studied are steps of a specific flight heating profile simulation and cover a wide range of facility parameters. Arc current varies from 262 A to 1762 A (from the minimum to the maximum for this facility), total mass flow rates range from 24 g/s to 501 g/s (arc-heater mid-column pressures range from 24 kPa to 558 kPa), and two conditions include cold-gas injection at the plenum. At the extremes of the facility operating envelope, i.e., at the minimum arc current and mass flow rate, and the maximum arc current and mass flow rate, the surveys indicate that the flowfield is not axisymmetric. From a TPS testing perspective, the effects of an asymmetric test flow would vary, minimal to important, depending on the test configurations and objectives (stagnation pucks, wedge plate, etc.). For flow characterization purposes, since all of the present CFD simulations assume an axisymmetric flow, effects of the observed asymmetric flows on the calorimeter measurements and their interpretation (CFD-estimated centerline total enthalpy values) remain to be investigated. 
